Abstract: Repair of tissue wounds is a fundamental process to reestablish tissue integrity and regular function. Importantly, infection is a major factor that hinders wound healing. Multicellular organisms have evolved an arsenal of host-defense molecules, including antimicrobial peptides (AMPs), aimed at controlling microbial proliferation and at modulating the host's immune response to a variety of biological or physical insults. In this brief review, we provide the evidence for a role of AMPs as endogenous mediators of wound healing and their promising therapeutic potential for the treatment of non-life-threatening skin and other epithelial injuries.
Introduction
Wound healing in animals is an essential process for the repair and restoration of function of tissue after injury (1). If we look at normal skin, both the epidermis and dermis form a protective shield from external physical and chemical environmental challenges (2) . However, following surgery, accidental injury, burns, microbial infection, skin diseases or metabolic dysfunction, this barrier can be broken giving rise to a wound (3) .
Classically cutaneous wound healing begins with inflammation, the natural response to any injury or insult, followed by a period of tissue regeneration including epithelialization, angiogenesis and laying down of collagen and culminating in a remodelling process to restore the tissue (4) (5) (6) . Importantly, failure of the mechanisms underlying the recovery of damaged tissues can lead to the formation of non-healing chronic wounds (7, 8) . In this context, diabetes, venous or arterial disease and microbial infections are the most common factors favouring the establishment of chronic wounds (7) . Opportunistic pathogens, such as the Gram-negative bacterium Pseudomonas aeruginosa or the Gram-positive bacterium Staphylococcus aureus, are able to colonize skin wounds forming biofilms, which are characterized by an aggregation of bacterial cells immobilized in an adhesive matrix of extracellular polymeric substances (9, 10) . This makes the eradication of bacteria difficult, mainly due to the weak penetration of antibiotics or host clearance mechanisms, that is antibodies and phagocytes through the microbial biofilm (11) (12) (13) (14) . Furthermore, toxins released from bacteria contribute to recruitment of immune cells resulting in an excessive, damaging inflammatory response (15, 16) . Wound infections have become an increasing cause of death in severely ill hospitalized patients (especially in long-term care facilities), and their treatment has put a significant burden on the healthcare system and on the economy as a whole (17) (18) (19) (20) .
To ensure epithelial integrity, multicellular organisms have evolved an arsenal of host-defense molecules, including gene-encoded antimicrobial peptides (AMPs), which are aimed at controlling microbial proliferation and at signalling host cells to change their behaviour in response to injury (21) (22) (23) . Here we evaluate the evidence for a role for AMPs as endogenous mediators of wound healing and their therapeutic potential.
AMPs and innate immunity
Antimicrobial peptides are known to exist in all living kingdoms as evolutionarily conserved products of the innate immune system (24) . Pioneering work in the early 1980s resulted in the discovery of 'cecropin' peptides, from the hemolymph of the cecropia moth Hyalophora cecropia (25) . This was then followed by the isolation and characterization of 'defensins' from granules of mammalian granulocytes (26) . A third milestone came in 1987 with Michael Zasloff and the discovery that the skin of the African toad Xenopus laevis contains glands rich in AMPs which are discharged by a holocrine mechanism upon alarm or skin lesion (27) . Since then, a large variety of AMPs have been identified across species with over 2000 peptides reported so far (28) . The current AMP data base can be found at http://aps.unmc.edu/AP/main.php.
Despite their different amino acid sequence (generally comprising from 10 to 50 amino acids), the vast majority of AMPs share a cationic character, due to the prevalence of basic residues, and an amphipathic structure in membrane-mimicking environments (29) . Their mechanism of antimicrobial action is largely due to simple electrostatic interaction with the anionic phospholipids of the microbial cell membrane (30) leading to disintegration/perturbation of the latter, and resulting in cell death (31, 32) . For this reason, they are less likely to induce resistance in microbes (32) than conventional antibiotics, which are typically directed towards single, mostly enzymatic targets (33, 34) . To become resistant to AMPs, microbes would need to 'redesign' their membrane lipid composition, but this could not be realized without causing harm to themselves (35) . While first recognized for their antimicrobial activity, AMPs have since been found to exert a plethora of activities ranging from neutralization of the pro-inflammatory agent lipopolysaccharide (LPS), to immune cell chemoattraction and cell proliferation (36) (37) (38) (39) (40) . This wide array of activities has been described for a multiplicity of AMPs leading to widespread hope for their potential development as novel anti-infective molecules with additional beneficial properties, or in some cases for use as stand-alone modulators in the absence of overt infection (41) (42) (43) (44) (45) .
Human skin AMPs in health and disease
In mammals, including humans, keratinocytes within the skin granular layer synthesize and store AMPs along with lipids, within secretory granules called lamellar bodies (46) (47) (48) (49) (50) (51) (52) . The lamellar bodies are released into the intercellular spaces of the more superficial layers of the epidermis, creating a physical barrier that can constrain microbial growth as well as water loss. The principal AMPs present in healthy human skin are RNase 5, RNase 7, active on both Gram-negative and Gram-positive bacteria (53) , and the iron/zinc binding S100 proteins (e.g. psoriasin, calprotectin) (53) (54) (55) . However, in inflammatory/infectious skin diseases, other AMP families with a wide spectrum of antimicrobial activity are additionally expressed by keratinocytes, such as the b-defensins and the cathelicidin hCAP18, which is then converted to the active AMP, LL-37 (2) . In particular, the levels of both S100A7 (psoriasin), which is preferentially active against Escherichia coli (47) , and the anti-Candida iron/zinc sequestering heterodimeric S100A8/S100A9 complex (calprotectin), become markedly elevated in the epidermis of patients with psoriasis (47, 56) . On the other hand, in disease conditions such as atopic dermatitis, induction of hCAP18 mRNA transcription in wounds is suppressed, which is hypothesized to underlie an increased rate of microbial superinfections (57, 58) .
Pilosebaceous follicles and eccrine glands also represent a further source of skin AMPs, such as histone 4 (mainly active against Gram-positive bacteria) and the antibacterial/antifungal dermcidin, respectively (59, 60) . Beside keratinocytes, sebocytes and sweat glands, infiltrating immune cells, for example neutrophils and natural killer cells also contribute to the pool of AMPs in the skin, mainly by the production of a-defensins and LL-37 (61) .
Examples of human AMPs produced by different types of cells in skin or other epithelial tissues with a protective function from environmental insults (see section on 'Human AMPs play a crucial role in wound healing') under normal conditions or upon infection/inflammation are presented in Table 1 . It is worth noting that some AMPs are constitutively expressed and detected in both healthy and injured epithelium, whereas some others are negligible in healthy epithelium but produced in abundance in infected or chronically inflamed tissue.
It is important to recall that epithelial surfaces, especially the skin, are continually exposed to both pathogenic and harmless commensal microbes whose composition depends on the anatomical location and the moisture content (62) . Indeed, moist sites are generally populated by Staphylococcus and Corynebacterium species (63, 64) ; sebaceous sites harbour Propionibacterium species, due to their capacity to survive in anaerobic environments, while dry areas of the skin have the most diversity in bacterial inhabitants (65) . In addition to the bacteria, members of the skin microbiome also include fungi such as Malassezia species, especially on the scalp (66) , and parasitic arthropods [Demodex mites (67) ] especially in pilosebaceous units.
Keratinocytes, in particular, are able to sense and discriminate among microbes and to activate a defense response based on the production of AMPs and cytokines (52, 68, 69) . It has been suggested that bacteria release factors that diffuse through the stratum corneum of the skin to finally induce the expression of AMPs by keratinocytes of the deeper epidermal layers (70) . The correlation between mammalian AMP expression and composition of the commensal microbiota is however actually highly debated (71) . Unbalanced skin microflora may alter AMP expression in the skin (62) ; and a dysregulation of AMPs might be an important factor in the pathogenesis of different skin disorders such as psoriasis, rosacea and atopic dermatitis (72) (73) (74) (75) , as well as in the host susceptibility to bacterial colonization and wound repair (76, 77) . Studies on the aetiology of psoriasis have uncovered another role for AMPs in the control of microbial growth in the setting of epidermal injury (78) . Psoriatic skin lesions rarely become infected despite the damaged physical barrier, in large part due to the presence of high concentrations of the AMPs and antimicrobial proteins expressed in the epidermis (47, 79) . The stimuli for heightened AMP expression are the cytokines, IL-17 and IL-22, secreted by Th17 and cd lymphocytes present in the skin, which strongly induce the activity of AMP genes in the basal keratinocytes (78) . Recent work has highlighted the role of injury in initiating the process. Cellular damage releases DNA and LL-37, which combine to form a structured complex (80) , subsequently recognized by TLR9 receptors in plasmacytoid dendritic cells (pDCs) residing in the dermis (81) . Once activated these pDCs secrete c interferon, which, in turn, promotes the subsequent differentiation of Th17 cells and cd T cells (82) . Under normal conditions, this circuit is eventually turned off, leading to heightened AMP expression in the injured skin. In psoriasis, for reasons still unclear, stimulation continues relentlessly.
Human AMPs play a crucial role in wound healing
A plethora of studies (76) support the hypothesis that human AMPs promote wound healing in skin, by multiple means including modulation of cytokine production, cell migration, proliferation and in some cases angiogenesis (Fig. 1) . For example, expression of human b-defensin (hBD)-2 is induced in human skin wounds by epidermal growth factor receptor (EGFR) activation (83) and increases keratinocyte cytokine production and migration (84) . Another defensin, hBD-3, is also highly expressed by keratinocytes at wound sites, promotes cytokine secretion, cell migration and proliferation via phosphorylation of EGFR and STAT proteins (84) (85) (86) , and significantly accelerates wound closure when topically applied in a porcine model of infected skin wounds (87) . Importantly, hBD-3 has been shown to exhibit in vitro and in vivo anti-inflammatory activity by inhibiting TLR signalling pathways in immune cells with a resulting transcriptional repression of pro-inflammatory genes (88, 89) . This may contribute to resolution of inflammation. In addition, hBD-3 has been shown to act as a ligand for the macrophage receptor CCR2, attracting macrophages to sites of epithelial injury (90) . Several actions of LL-37 appear to be mediated via transactivation of EGFR including keratinocyte migration (91) . Notably, skin LL-37 expression is also increased after wounding and in an ex vivo human skin wound-healing model, antibodies against LL-37 inhibited re-epithelialization (92) . Some of LL-37's beneficial effects appear to involve modulation of angiogenesis as this AMP has been shown to stimulate proliferation and neovascularization, for example via activation of formyl peptide receptor-like 1 (FPR2/ ALX) (93) . Also, its porcine analogue PR-39 increases the synthesis of the extracellular matrix proteoglycans, important for wound repair (94) . Beneficial effects of AMPs on wound healing are not limited to skin but extend to other related tissues such as the stratified non-keratinized corneal epithelium, which also derives from the surface ectoderm (95) , and where eyelid glands are developmentally similar to skin appendages, that is hair follicle/sebaceous glands (96) . For example, hBD-3 and LL-37 have been shown to stimulate corneal epithelial cell activities necessary to promote healing at the ocular surface (97) . Furthermore, they can promote wound healing of other epithelial tissues with a barrier function to the external environment, such as gut and lung (98) . Indeed, hBD-2 has been shown to stimulate intestinal wound healing in an in vitro model (99), while hBD-3 promoted intestinal healing in a neonatal rat model (100) and LL-37 stimulated migration and proliferation of airway epithelial cells (101) .
AMP involvement in wound healing is not unique to mammalian tissue
Despite differences in morphology and composition of skin layers among different groups of animals, healing of epidermal wounds is a quite conserved process along the evolutionary scale (102) . In Drosophila, epidermal cells under the cuticle of larvae respond to infected wounds by producing the AMP cecropin A (103) . Note that in a recent published issue of Experimental Dermatology, the fruit fly Drosophila has been proposed as an advantageous model system for identifying clinically relevant wound-healing genes and understanding the molecular mechanism of how they work (104) . In other invertebrates, like the nematode Caenorhabditis elegans, induction of the epidermal AMPs caenacins, upon infection and cuticle damage involves expression of transforming growth factorb (TGF-b) (105) . However, it is not known if wounding elicits neuroimmune or systemic responses as in other organisms (102) . With regard to non-mammalian vertebrates, a vast literature supports the belief that amphibian skin contains factors associated with high efficiency wound-healing mechanisms (see section on 'Therapeutic opportunities of AMPs for wound healing and skin care') up to regeneration of an entire limb or tail in juvenile animals (106) (107) (108) (109) . In particular, wound healing proceeds very quickly (in <10 h) in urodele amphibians (salamanders) compared to the re-epithelialization process in mammalian wounds which normally takes 2-3 days (110).
Therapeutic opportunities of AMPs for wound healing and skin care
Successful development of AMPs for a variety of therapeutic purposes has long been a major goal of those interested in the field. Initially, focus was on the development for their antimicrobial properties, particularly the low risk of selecting for resistant strains. More recently, attention has been drawn to their potential as immune-modulators, in cancer treatment and in promoting wound healing (111) . There are several active preclinical and clinical trials of AMP-based pharmaceuticals, although most current investigations are focused on anti-infective indications (39, 42) . Some examples of AMPs or their derivatives, which hold potential as promoters of wound healing based on published in vitro and animal model data or trials with human beings, are discussed below, and additional examples are summarized in Table 2 .
The application of amphibian skin for treating wounds has been in use since ancient times (112) . Beside tyrotropin (113), short peptides (containing from 12 to 24 amino acids) from the skin of frogs have been recently described to promote wound healing in mice by stimulating TGF-b secretion or by promoting angiogenesis and influencing keratinocytes proliferation or migration (110, 112, (114) (115) (116) (117) (118) . Lately, a short variant of the frog skin AMP esculentin-1a, namely esculentin-1a (1-21)NH 2 , has been found to be active against bacterial and fungal species (119) . It consists of the first 20 amino acids of the AMP esculentin-1a produced by the skin of the green edible frog Pelophylax lessonae/ridibundus, previously known as Rana esculenta complex (120), plus a glycinamide at its C-terminus (119) . It rapidly kills both planktonic and biofilms forms of P. aeruginosa strains, via a pronounced membrane-perturbing activity as a plausible mode of action (121) . Furthermore, this peptide preserves antimicrobial activity at physiological conditions, unlike most AMPs of mammalian origin, and stimulates in vitro migration of human keratinocytes (through a stereospecific mechanism involving activation of EGFR and STAT3 protein), at a wider peptide concentration range and with a higher cell migration rate than LL-37 (122), thus offering good opportunities for cutaneous tissue restoration uses (see below), namely for the management of P. aeruginosa-induced human skin ulcers. An overview of the role of different AMPs in the timing events of wound-healing process are indicated in Table 3 .
The first AMP evaluated for the treatment of human wounds, specifically infected wounds, was pexiganan. It is a synthetic 22 amino acid analogue of the naturally occurring AMP, magainin 2 produced by Xenopus laevis (27, 123, 124) and is currently under study for the treatment of infected diabetic foot ulcers. Pexiganan was initially investigated in the late 1990s as a locally applied alternative to a systemically administered broad spectrum antibiotic for the treatment of infected diabetic ulcers, which remain a major medical problem with some 70 000 lower limb amputations being performed annually in the USA (125) . Although the aetiology of these wounds is not fully understood, patients are advised to take antibiotics if any indication of infection is evident (126) . These are complex polymicrobial infections, and no specific microorganism is implicated in the destructive outcome of the initial minor superficial skin wound on the foot (127) . The antibiotic spectrum of pexiganan is broad enough to cover the range of microbes known to be present on the diabetic ulcer (128) . Furthermore, as a topical agent high local concentrations in the superficial soft tissues could be achieved easily, surpassing the concentrations that could be reached systemically. Two extensive pivotal Phase III clinical trials involving about 1000 subjects (128) showed that over 2-4 weeks of treatment, wounds treated with pexiganan closed at the same rate as those treated with oral ofloxacin. In contrast to ofloxacin, pexiganan did not induce the appearance of resistant bacteria on the treated wounds. Furthermore, those receiving topical treatment reported fewer side effects than those taking the oral therapeutic (128) . However, despite this positive outcome, the FDA Advisory panel voted against approval of pexiganan. Their primary concern was the uncertainty over the 'placebo' outcome. In response to the Advisory Panel, the FDA requested that a trial be repeated using a placebo (vehicle control) arm. Currently, Dipexium Pharmaceuticals is in the midst of conducting such placebo-controlled phase III trials the outcome of which will be known in 2016.
Gronberg et al. (129) recently reported the results of a 'first in man' randomized, double-blind, placebo-controlled, multicenter, prospective trial to investigate the safety of doses of LL-37 and its efficacy in regard to wound healing in hard-to-heal venous leg ulcers. Based on the observations that LL-37 is depleted in chronic wounds, the group hypothesized that supplementation with exogenously supplied LL-37 would be beneficial for healing. Indeed, not only was application of LL-37 safe and well tolerated, but it also promoted wound healing. Although this study was, by the authors admission, limited by the small number of patients and short treatment time, it shows the potential for LL-37 as a novel wound-healing agent for clinical use.
Furthermore, it was recently reported that polylactic-co-glycolic acid (PLGA) nanoparticles loaded with LL-37 significantly accelerate wound-healing process due to the sustained release of both LL-37 and lactate, compared to LL-37 and PLGA administration alone (130) .
This brief overview reveals that AMPs from multiple sources have therapeutic potential as modulators of wound healing. However, as stated earlier, infection is a major factor that hinders wound healing and it is not clear at this point if the beneficial effects of AMPs applied to skin wounds will primarily be due to antimicrobial activity or if direct effects on cellular activities such as migration and proliferation will have an important contribution. Elucidating the relative contributions remains to be determined in future animal studies and clinical trials.
Conclusions
Evidence in the literature supports the hypothesis that endogenously expressed AMPs are important modulators of wound repair in both mammalian and non-mammalian systems and that AMPs and their derivatives have potential as novel therapeutics. AMP beneficial effects may encompass: (i) direct antimicrobial activity, which prevents infection that would otherwise delay healing; (ii) binding and inactivation of molecules such as LPS which reduces the detrimental pro-inflammatory response; and (iii) one or more direct effects on cellular behaviours such as enhanced migration and proliferation. This multifactorial mechanism of action is very powerful and coupled with the reduced tendency for AMPs to select for microbial resistance, makes AMPs particularly attractive candidates, possibly superior to conventional antibiotics, for the local treatment of infected skin wounds (131) . Importantly, although development of resistance or cross-resistance to AMPs has been reported in vitro (132) (133) (134) , no comparable results have been found in vivo thus far, likely because the selection of AMP-resistant strains in reality is a much slower process than in vitro conditions and they act in concert with existing endogenous AMPs. However, long-term therapeutic use of AMPs should be carefully evaluated to avoid the risk of compromising our innate immune defense and therefore the ability to control commensal microbiome and microbial infections.
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